Electronic transport through oligopeptide chains: An artificial prototype of a molecular diode  by Oliveira, J.I.N. et al.
E
p
J
a
b
a
A
R
I
A
1
w
u
a
i
N
a
d
e
b
t
o
i
d
o
R
a
o
m
i
a
w
L
h
0Chemical Physics Letters 612 (2014) 14–19
Contents lists available at ScienceDirect
Chemical  Physics  Letters
jou rn al h om epa ge: www.elsev ier .com/ locate /cp le t t
lectronic  transport  through  oligopeptide  chains:  An  artiﬁcial
rototype  of  a  molecular  diode
.I.N.  Oliveiraa, E.L.  Albuquerquea,  U.L.  Fulcoa,∗,  P.W.  Mauriza,1,  R.G.  Sarmentob
Departamento de Biofísica e Farmacologia, Universidade Federal do Rio Grande do Norte, 59072-970 Natal, RN, Brazil
Departamento de Ciências Biológicas, Universidade Federal do Piauí, 64800-000 Floriano, PI, Brazil
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 20 May  2014
a  b  s  t  r  a  c  t
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electronic  transport  through  an  oligopeptide  chain  composed  by  two amino  acid  pairs  alanine–lysine
(Ala–Lys)  and  threonine–alanine  (Thr–Ala),  respectively,  sandwiched  between  two  platinum  electrodes.
Our  results  show  that  factors  such  as  the  oligopeptide  chain  length  and  the  possible  combinations
between the  amino  acids  residues  are  crucial  to  the diode-like  proﬁle  of  the  current–voltage  (I–V)
characteristics,  whose  asymmetric  curves  were  analyzed  using  the  inverted  rectiﬁcation  ratio  (IRR).
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
The ability to integrate man-made solid-state nanostructures
ith biological structures (including biomolecules) is opening
p revolutionary means for the electrical and optical char-
cterization of biomolecular processes, with the consequent
mpact on a wide variety of medical and biological applications.
anostructure–biomolecule complexes must be biocompatible in
 way that the properties of their interface are critical to the
evelopment of new types of biological device, including the bio-
lectronic one. New ways to interface physical electronics with
iological systems are being developed, leading to the possibility
o fabricate new classes of biomedical devices, which make use of
rganic materials in place of conventional semiconductors. Accord-
ngly, nanostructure–biomolecule complexes including quantum
ots (QDs) and carbon nanotubes (CNTs), and important classes
f biomolecules, like oligopeptides, proteins, and the nucleic acids
NA and DNA, have been designed, fabricated, modeled, and char-
cterized. Their main advantages are their lower current and power
peration, cheaper and simpler fabrication, versatility in usage, and
echanical ﬂexibility, which allows the devices to be incorporatednto ﬂexible plastic structures. The main disadvantages, however,
re their low life time due to degradation, as well as their reactivity
ith water and other substances, which necessitate the design of
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009-2614/© 2014 Elsevier B.V. All rights reserved.effective packaging systems (for reviews see [1–3] and the refer-
ences therein).
Encompassing all the properties summarized above, the so-
called molecular electronics technologies offer nowadays a viable
alternative to overcome the difﬁculties arising from the biological
materials, as well as those associated to the continuing shrinking of
electronic devices in the silicon-based technology. Usually, molec-
ular electronics takes full advantage of the unique properties of its
molecular components, leading to applications that may  be com-
plementary to conventional electronics, instead of trying to replace
it. This complementarity, indeed, points to applications much more
diversiﬁed than the simple miniaturization of electronic circuits.
The possibilities include mainly the connection of traditional elec-
tronics to biological tissues, allowing the creation of neural chips,
implants, prostheses and devices designed to extend the capabili-
ties of the human body, among many other possibilities [4,5].
The idea of replacing electronic components by molecules is not
new. In 1974, Aviram and Ratner [6] were the ﬁrst to suggest an
organic molecular system showing current rectiﬁcation, composed
by a donor and an acceptor group attached by a carbon bridge with
single bonds. Since them, several works have been done in the ﬁelds
of molecular electronics and nanoelectronics (for a recent review
see Ref. [7]).
A diode or rectiﬁer is an important component in conventional
electronics, allowing an electric current to ﬂow in one direction,
but blocks it in the opposite direction. Building diodes using sin-
gle molecules has been pursued by many groups (for a recent
review see Ref. [8]). The basic structure of early molecular diodes
consists of a donor and an acceptor separated by a -bridge,
with  being some saturated covalent bond linking the donor
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Figure 1. (a) The three amino acids used in this work: alanine (Ala), lysine (Lys) and threonine (Thr), with their corresponding 3D structures. (b) The oligopeptide chains
obtained  by juxtaposing two building blocks A, B, meaning the Ala, Lys and Thr, Ala amino acids, respectively. The length of these chains varies from 8 to 32. (c) Schematic
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[llustration of the oligopeptide chains (Ala–Lys and Thr–Ala) sandwiched between t
n  the total.
nd acceptor, providing a tunneling barrier between them. In this
donor––acceptor” structure, the diode behavior was expected
o occur as a consequence of different thresholds at positive and
egative bias voltages.
On the other hand, amino acids are important organic com-
ounds composed of amine ( NH2) and carboxylic acid ( COOH)
unctional groups, along with a side-chain speciﬁc to each of
hem. Their key elements are carbon, hydrogen, oxygen, and
itrogen, though other elements are found in their side-chains.
esides, amino acids are the basic units of proteins, performing
everal important functions such as neurotransmitters, formation
f hormones, drugs, methylation, etc. Short chains of amino acid
onomers, whose covalent chemical bonds are formed when the
arboxyl group of one amino acid reacts with the amino group of
he other, are known as oligopeptide.
Results of several electron-transfer studies through oligopep-
ides and proteins suggest that the efﬁciency of electron transport
s strongly inﬂuenced by the length of the peptide, the nature of
he scaffold, and the amino acid sequence [9–12]. The presence
f hydrogen bonding also inﬂuences the electron-transfer rates
13–16].ectrodes, mimicking the second sequence in (b), each of them with 16 amino acids
Our motivation to study electron transport through a molecule is
based on the fact that it may  be controlled electrically, magnetically,
optically, mechanically, chemically and electrochemically, lead-
ing to various potential device applications. To reach the ultimate
goal in device applications, experimental techniques to fabricate
an electrode|molecule|electrode junction, and theoretical methods
to describe the electron transport properties are being developed
nowadays.
In this work, we report a numerical study of the electronic trans-
port through oligopeptide chains formed by the combination two
by two of three amino acids: alanine (Ala), lysine (Lys) and thre-
onine (Thr). The two  oligopeptide chains studied are the Ala–Lys
and Thr–Ala, in their neutral and non-solvated conformation (see
Figure 1a). These amino acids were gathered in groups of four build-
ing blocks each, in a linear molecular geometry of non-equilibrium,
forming oligopeptide chains with 8, 16, 24 and 32 amino acids,
covalently linked to two platinum electrodes (see Figure 1b and
c). The current–voltage (I–V) characteristics and properties are dis-
cussed as a function of the intra (inter)-chain electronic coupling
in the electrode|oligopetide|electrode junction, taking into account
their on-site energies, the intra (inter)-chain hopping between the
16 J.I.N. Oliveira et al. / Chemical Physics Letters 612 (2014) 14–19
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mino acid residues, the type of electrode, the oligopeptide chain
ength and the possible combinations between the amino acids
esidues.
. Computational methods
The electronic transport properties of a molecular-junction are
sually described by two approaches: ab initio calculations and
odel-based Hamiltonians (for a recent review see [7]). The former
an provide a detailed description but is currently limited to rela-
ively short molecules, while the latter is less detailed but allows for
escribing systems of realistic length. Here, as our focus is mainly
n the qualitative properties of a protein-nano-junction, we  choose
 mathematical framework based on an effective tight-binding
odel, together with a transfer matrix technique, employed to
implify the algebra which can be otherwise quite involved, as
escribed in our previous work [17], without any environment or
omplex contact related effects. In this way, keeping the formalism
s simple as possible, the total Hamiltonian of the structure can be
ritten as (see Figure 2):
total = Holigopeptide + Helectrode + Hcoupling. (1)
The ﬁrst term of Eq. (1) describes the intrachain charge propa-
ation through the oligopeptide chain, and it is given by:
oligopeptide =
N∑
n=1
[εn˛|n, 1〉〈n, 1| + εnˇ|n, 2〉〈n, 2|]
+
N∑
n=1
w[|n, 1〉〈n ± 1, 1| + |n, 2〉〈n ± 1, 2|]
+
N∑
n=1
t[|n, 1〉〈n, 2| + |n, 2〉〈n, 1| + |n, 2〉〈n ± 1, 1|
+ |n, 1〉〈n ± 1, 2|]. (2)
The variable εn
˛,ˇ
is the on-site ionization energy of the respec-
ive base ˛,  ˇ = alanine (Ala), lysine (Lys) and threonine (Thr), at the
th site. The energies εn
˛,ˇ
are chosen from the ionization potential
f their respective bases: εAla = 9.85, εLys = 9.50 and εThr = 10.20, all
nits in eV [18–20]. Furthermore, t (tn,n±1) represent the hopping
erm between adjacent (next and next-nearest neighbors) amino
cids residues n, n ± 1 in the oligopeptide chain, with their val-
es listed as follows: tAla−Ala = 0.317, tAla−Lys = 0.139, tLys−Lys = 0.079,
Lys−Ala = 0.168, tAla−Thr = 0.214, tThr−Thr = 0.205 and tThr−Ala = 0.239,
ll units in eV. All electronic parameters were derived from molecu-
ar orbitals close to the highest occupied molecular orbital (HOMO)
r upper valence band edge. We  are aware that more reliable
stimation of the electronic matrix elements could be obtained
f the majority of valence and conduction band edge states con-
ribution were taken into account, including structural ﬂuctuatione 1c. Here, ε are the different on-site energies, and t, w are the hopping terms.
effects, but this is beyond the scope of this work. These results were
obtained by ﬁrst principles calculations using the software Gauss-
ian 09 within the Density Functional Theory (DFT) framework [21]
through:
tn,n±1 = 0.5[(EHOMO − EHOMO−1)2 − (En − En±1)2]
1/2
, (3)
where the two-state model based on the energetic splitting
between the HOMO and HOMO−1 in a system of two amino acids
was employed [22–24]. The EHOMO and EHOMO−1 are, respectively,
the ﬁrst and second highest occupied molecular orbital energies
calculated for each base combination formed by n, n ± 1 amino acids
residues of the oligopeptide chain. For these amino acids, the indi-
vidual site energies En and En±1 (vertical ionization energies) were
determined experimentally and reported in the literature [18–20].
When the difference in the above square brackets is negative, we
adopted the expression [25]:
tn,n±1 = 0.5(EHOMO − EHOMO−1) (4)
Furthermore, recent studies show that the conventional
DFT functionals, commonly used to model charge transport
in organic materials, underestimate the values of the hopping
terms in comparison with long-range corrected density functional
[26,27]. Due to that, a new density functional, a Coulomb-
attenuated hybrid exchange-correlation functional (CAM-B3LYP),
has recently been developed speciﬁcally to properly predict
molecular charge-transfer spectra. It is a skilled Coulomb-
attenuation scheme able to solve charge-transfer excitations in
the zincbacteriochlorin–bacteriochlorin complex [28] and in the
dipeptides model [29]. It has also been successfully applied in
the intermolecular charge-transfer transitions [30], predicting the
occurrence of charge-transfer bands in the porphyrins and chloro-
phylls [31], and identiﬁcation of an unexpectedly large capacity of
the aliphatic bridge to electronically connect the arylamines [32].
To take into accounts the above remarks, we used here the CAM-
B3LYP functionals with Dunning’s correlation consistent basis sets
(cc-pVDZ), to optimize the structures of the oligopeptides and to
calculate their HOMO energies [33,34]. Lastly, the interchain hop-
ping between the amino acid bases is considered to be w = 0.1t, in
eV.
The second term of Eq. (1) is related with the two  semi-inﬁnite
metallic electrodes
Helectrode =
0∑
n=−∞
2∑
m=1
[εns |n, m〉〈n, m|  + ts|n, m〉〈n ± 1, m|]
+
∞∑
n=N+1
2∑
m=1
[εns |n, m〉〈n, m|  + ts|n, m〉〈n ± 1, m|].  (5)Here, εns (ts) is the ionization energy (hopping term) of the elec-
trode. We  consider a platinum electrode whose ionization energy
εs = 5.36 eV is related to the metallic work function of this metal
[35,36], and ts = 12.0 eV.
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Finally, the third term of Eq. (1) describes the contacts between
he oligopeptide and the semi-inﬁnite metallic electrodes, yielding:
coupling =
2∑
m=1
tc [|0, m〉〈1, m|  + |N, m〉〈N ± 1, m|] ,  (6)
here tc = 0.317 eV represents the hopping amplitude between the
C (DC) electrodes and the ends of the oligopeptide, with N being
he number of amino acids residues in the chain considered.
With the tight-binding Hamiltonian given above, one can eval-
ate the I–V characteristics by applying the Landauer–Büttiker
ormulation [37], i.e.:
(V) = 2e
h
∫ +∞
−∞
TN(E)[fDN(E) − fAC (E)]dE, (7)
here the Fermi–Dirac distribution is given by:
DC(AC) =
[
exp
[
E − DN(AC)
kBT
]
+ 1
]−1
. (8)
Here DN(AC) is the electrochemical potential of the two elec-
rodes ﬁxed by the applied bias voltage V as [38]
DN − AC | = eV. (9)
The current onset is crucially dependent on the electrochemical
otentials of the electrodes, that can be altered by the coupling to
olecules [39]. For simplicity, before bias voltage is applied, the
lectrochemical potential of the whole system is taken to be zero.
. Results and discussion
Current rectiﬁcation in oligopeptide on the nanoscale can be
chieved by the integration of molecules with asymmetric struc-
ure, such as -helix peptides, into the metal electrode junctions
40]. Current patterns of the helical 3 peptide amino acid sequence
Leu–Glu–Thr–Leu–Ala–Lys–Ala)3 and its 5Q and 7Q variants were
ecently investigated to distinguish the ﬁbrous/not ﬁbrous assem-
lies associated to them, looking for the development of biosensors
o probe the onset of amyloidosis-like diseases [41].
However, secondary structures like the -helix of supported or
ven unsupported PolyAla oligopeptide, depend on factors such as
he energy state [42], peptide length [43], terminal charges and
roline substitution [44], as well as the temperature and physical
tate of the peptide [45]. Given the difﬁculty to deal with this struc-
ural complexity, we decided instead to use the approach based on
ridging molecules that present rectiﬁed current response depend-
ng on the relative position of the Fermi level energy of the metal
lectrodes and energy levels of the molecules [46]. In support to
his approach, recent theoretical and experimental works have suc-
eeded in addressing the effects of primary protein structure, i.e.,
peciﬁc amino acid sequences like those used in this work, on con-
uctance [47,48].
Before the bias voltage be applied, the electrochemical poten-
ial of the whole system is taken to be zero. After the applied
ias voltage V is effective, the difference between the electro-
hemical potential of the two electrodes is governed by Eq. (9).
y properly locating the Fermi level energy close to some of the
haracteristic resonances of the electrode–oligopeptide–electrode
ano-junction, as the voltage drop is switched on, the transmission
oefﬁcient becomes voltage-dependent. This implies the appear-
nce of transmission band shifts, which in turn gives rise to a
oltage threshold modulation in energy, leading to a lower current
t a given bias. As a result, the turn-on current shows an asym-
etric proﬁle, further enhanced in the negative voltage region, as
epicted in Figure 3a and b.Figure 3. Current–voltage (I–V) characteristic curves for the two oligopeptide
chains: (a) Thr–Ala and (b) Ala–Lys, with N being the total number of the amino
acids in the chain. The inset shows the transconductance (dI/dV)  × V.
The main current–voltage (I–V) characteristics shown in
Figure 3a and b present an insulator region for −4 V ≤ V ≤ 4 V, and
nonlinear and asymmetric regions indicating transitions toward
saturation currents for V ≤ −4 V and V ≥ 4 V. It is easy to see that
the general shape of the I–V curves are clearly asymmetric, depict-
ing a diode-like behavior. Figure 3a shows that the current intensity
increases with the applied negative (positive) voltages and reaches
a maximum of −29.3 A at V = −15 V (19.3 A at V = 15 V), respec-
tively. The same occurs to the I–V curves depicted in Figure 3b,
but now with a lower maximum intensity of −5.8 A at V = −15 V
(2.3 A at V = 15 V), respectively. In both cases, the maximum val-
ues for the current intensities were found for the total number of
the amino acids residues in the chain N = 8. Note that the current
intensity is inversely proportional to the length of the oligopeptide
chains. Lastly, the insets in Figure 3a and b show the transcon-
ductance (dI/dV × V) of the devices, which are highly nonlinear.
In contrast with previous work [47], they do not show nega-
tive differential resistance, i.e., dI/dV < 0. Such phenomenon is a
tunneling-related effect which has been originally observed in
silicon-based heterostructures [49], and can be masked while the
current is still small.
The non-negligible rectiﬁed currents, depicted in Figure 3a for
the oligopeptide chain Thr–Ala, are 9.9 (N = 8), 7.8 (N = 16), 7.3
(N = 24), and 6.5 (N = 32), respectively, all units in A. For the
oligopeptide chain Ala–Lys (Figure 3b) the rectiﬁed currents are
3.6 (N = 8), 2.9 (N = 16), 2.3 (N = 24), and 2.1 (N = 32), respectively, all
units also in A. Here N is the total number of the amino acids in the
oligopeptide chain. Note that the absolute value of these rectiﬁed
currents may  be changed by varying the electronic hopping inte-
grals, as well as by the way the oligopeptide chains are contacted
to the electrodes.
Observe that the I–V curves present a particular asymmetry,
whose shape as a function of the polarity of the applied voltage
constitutes the rectiﬁcation of the current by the molecule. To
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[igure 4. (a and b) The inverted rectiﬁcation ratios (IRR) corresponding to the I–V
urves depicted in Figure 3a and b, respectively. The insets show magniﬁcation of
he respective curves.
uantify the asymmetry of I–V characteristic in Figure 3a and b,
e deﬁned the rectiﬁcation ratio (RR) by R(V) = |I(V)/I(− V)|, where
(V) and I(− V) represent the forward and reverse currents for the
ame voltage magnitude, respectively. However, because the struc-
ures studied in this work display higher current intensity in the
egion of negative voltage, we use instead an inverted rectiﬁca-
ion ratio IRR = 1/R(V), to measure the degree of asymmetry of the
ligopeptide chains.
We  start from the I–V curves in Figure 3a for each oligopeptide
hain, as illustrated in Figure 1b and c. It is found that, in all curves,
n obvious rectiﬁcation is observed with the rectifying direction
long the negative bias direction, i.e., the electrons prefer to ﬂow
rom the alanine group to the threonine one at a negative bias. The
1/R)–V curve shows the maximum value of 1.58 at 6.4 V for the
hortest chain (N = 8) as depicted in Figure 4a. We  can also observe
hat in this case the (1/R)–V curves are inversely proportional to
he length of the oligopeptide chains, but with very close values.
hey can be divided into three regions namely: (i) 0 V ≤ V < 6 V, (ii)
 V ≤ V < 15 V, and (iii) 15 V ≤ V < 18 V. In the ﬁrst region, the IRR’s
ncrease continuously from 0 to 6 V (maximum value), with a very
mall but progressive separation between them. In the second one,
he (1/R)–V curves remain parallel and decrease softly. The third
ne is the saturation region.
Figure 4b, which is related to the Figure 3b (Ala–Lys pair), dis-
lays the same rectifying direction as those observed in Figure 3a.
owever, while the current intensity values in Figure 3b are much
maller than those observed in Figure 3a, the (1/R)–V curve depicted
 maximum value of 2.59 at 12 V for the chain with N = 16 (see the
nset (a) of Figure 4). Unlike what was observed in Figure 4a, in this
ase there is no relationship of inverse proportionality between
he IRR’s and the length of the chains (see the inset (b) of Figure 4).
or the Ala–Lys pair case, the (1/R)–V curves can be divided into
wo regions of interest: (i) 0 V ≤ V < 12 V, and (ii) 12 V ≤ V < 18 V.
n the ﬁrst region, they increase continuously from 0 until reach-
ng the saturation value at 12 V (maximum value). The second one
s the saturation region. Differently from the previous case, here
he curves are practically indistinguishable, suggesting the lack of
elationship with the chain length.
. Conclusions
In summary, by using an effective tight-binding model, we have
heoretically investigated the transport properties of a molecu-
ar device made up of an oligopeptide chain directly coupled to
wo platinum electrodes. The I × V characteristics are discussed in
erms of their on-site ionization and electrode energies, as well
[
[
[ics Letters 612 (2014) 14–19
as their different hopping parameters. On the way to get these
results, we have derived for the ﬁrst time the hopping energies
among the amino acids residues considered in all oligopeptide
chains, using quantum chemistry computations. Our calculations
reveal that the asymmetry observed in the I–V curves clearly indi-
cate a diode-like proﬁle in the two structures analyzed in this work.
However, the values obtained for the I–V and (1/R)–V curves give
quite different aspects for the oligopeptide chains formed by the
threonine–alanine (Thr–Ala) and alanine–lysine (Ala–Lys) pairs:
while the Thr–Ala pair presents a variation in the maximum cur-
rent intensity six times greater than the Ala–Lys one, the later has
a IRR maximum value nearly two  times greater than the former
one. Besides, we observed also a proportional relationship between
the difference of the ionization energies of the oligopeptide chains
(Thr–Ala or Ala–Lys) and the values obtained for the I–V and (1/R)–V
curves. Such characteristics make these two  oligopeptide chains
good candidates for artiﬁcial prototype of a molecular diode. We
hope strongly that our work may  stimulate experimental develop-
ments in this sense.
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